Spiders (Araneae) play key roles in ecosystems, not only as common and abundant generalist predators, but also as major contributors to biodiversity in many areas. In addition, due to their short generation times and high mobility, spiders respond rapidly to small changes in their environment, potentially making them useful indicators for restoration monitoring. However, few studies have focused on spider responses to grassland restoration in the United States. We compared degraded, native, and restored grassland sites to examine how spider communities and habitat respond to arid grassland restoration. We also examined how responses varied with the age of the restoration project. Spider communities in native sites differed from those in restored and degraded sites in several ways: native sites had fewer spiders and a different community composition than degraded and restored sites. However, native and restored sites had more species than degraded sites. Chronosequence data showed trends for lower abundance, higher species richness, and changing community composition as restoration projects mature. Several habitat variables were closely linked to variation in spider communities including cover of invasive annual grasses, litter, and biological soil crusts. Our data suggest that spider and vegetation responses to grassland restoration efforts can be successful in the long term-with resulting communities becoming more similar to native ones-and that spiders are useful indictors of grassland restoration. Our results also suggest that restoration may involve balancing trade-offs between ecosystem services, with potential losses in predatory control offset by increases in biodiversity with restoration effort.
Introduction
Up to 99.9% of native North American grasslands have been degraded or destroyed since European settlement, primarily due to agricultural conversion (Sampson & Knopf 1994; Burel et al. 1998) . Today, grasslands are a top priority for restoration as they provide essential habitat for many rare and endangered plant and animal species (Kennedy et al. 2009; Rao et al. 2011; Tubbesing et al. 2014) . However, the majority of studies on grassland restoration have focused either on vegetation or vertebrate responses (e.g., Wisdom et al. 2002; Knick et al. 2003; Huddleston & Young 2004; Huddleston & Young 2005; Beck et al. 2012) , even though grassland invertebrates are highly diverse and provide important ecosystem services such as pollination, nutrient cycling, food for vertebrates, and pest control (Weisser & Siemann 2004; DeBano 2006; Kimoto et al. 2012a Kimoto et al. , 2012b Gonzalez et al. 2013 ). Thus, it remains unclear how grassland restoration influences invertebrate diversity and function (Nemec et al. 2014) , particularly in North American grasslands.
With approximately 40,000 species known globally, spiders (Araneae) are the seventh most diverse taxon in the world and are major contributors to biodiversity (Mirshamski Kakhki 2005; Zamani & Rafinejad 2014) . Not only are spiders diverse in form, but also in hunting strategies and they play fundamental roles in the terrestrial food web as both predators and prey (Malumbres-Olarte et al. 2013) . Many spiders are considered generalist predators and can enhance natural control of agricultural pests, a service with an estimated value of $4.5 billion annually in the United States (Losey & Vaughan 2006; Kovacs-Hostyanszki et al. 2013 ). In addition, spiders potentially respond faster than vegetation or vertebrates to environmental perturbations because of their high degree of mobility and rapid generation times (Mortimer et al. 1998) . Because of this, spiders may be particularly useful indicator taxa for restoration monitoring (Wheater et al. 2000) . Different spider species require discrete habitat conditions and by sampling the entire community the presence or relative abundance of certain species can be used as indicators for habitat availability, provided that the general ecology of the different species is known (Malumbres-Olarte et al. 2013 ).
Yet, despite their importance and potential utility in monitoring and a heightened interest in restoration within the past few decades, little research has focused on the impact of grassland restoration on spider communities in North America (Sampson & Knopf 1994; Nemec et al. 2014) . While more work has been conducted in European systems (see Bell et al. 2001 , for review), European grasslands and their management and restoration differ in significant ways from U.S. systems, especially those in the arid and semiarid West. Work in other grassland systems, as well as in wet heathlands and forests, demonstrate that spider communities are influenced by restoration. Habitat characteristics associated with these changes depend on the system and include vegetative structural complexity (e.g., height, cover), plant density, litter cover, temperature, and moisture (Bell et al. 2001; Borchard et al. 2014; Perner & Malt 2003; Cristofoli et al. 2010; Gollan et al. 2010) . Only a few studies have examined chronosequences of restoration on spiders (e.g., Perner & Malt 2003; Cristofoli et al. 2010) ; these have found that spider communities vary with respect to the age of the restoration project and are most likely responding to changes in the plant community.
This study aims to describe not only the spider communities present in an arid grassland in the western United States, but also to examine habitat variables that influence spiders in these communities. Unlike other studies that have focused on invertebrate responses to grassland/shrub-steppe restoration (e.g., Mortimer et al. 1998; Longcore 2003; Déri et al. 2011; Borchard et al. 2014; Nemec et al. 2014) , we focused on spiders specifically to enhance our ability to pinpoint habitat variables underlying responses of different species of spiders to restoration. We assessed three treatments including native (or reference sites), degraded, and restored grassland habitat. Restored grassland sites varied in age (2 to 10 years), providing an opportunity to examine a chronosequence of restoration. This setup allowed us to assess not only the different spider communities within each habitat but to also investigate the amount of time necessary after restoration to detect changes within the community. We had three main objectives: (1) compare spider abundance, species richness, and community composition in restored, native, and degraded treatments, (2) examine how these same variables varied along a chronosequence of restoration, and (3) investigate potential habitat variables that may underlie observed responses. The results from this study provide restoration ecologists with recommendations on which factors most heavily influence spider communities during western U.S. grassland restoration and guidance on when to expect changes within plant and spider communities in response to restoration.
Methods

Study Site
This study took place at The Nature Conservancy Boardman Grasslands Preserve (the Preserve) in Morrow County, Oregon, USA (45.636738 ∘ N, −119.860457 ∘ W) (Fig. 1) . The Preserve occupies 9,163 ha of arid grassland and shrub-steppe from 120 to 295 m elevation. The majority of the area was grazed by cattle until 2002 but the Preserve contains extensive areas of highquality grassland (largely intact native grasses and forbs relatively uninvaded with non-native annual grasses) and degraded grassland (formerly cultivated, lacking native bunchgrasses, and highly invaded with non-native annual grasses). Common invasive grasses include cheatgrass (Bromus tectorum L.) and medusahead (Taeniatherum caput-medusae (L.) Nevski), while native grasses include bluebunch wheatgrass (Pseudoroegneria spicata (Pursh) Á. Löve), Sandberg bluegrass (Poa secunda J. Prsel), bottlebrush squirreltail (Elymus elymoides (Raf.) Swezey ssp. brevifolius (J.G. Sm.) Barkworth), and needle and thread grass (Heterostipa comata (Trin. & Rupr.) Barkworth). The average precipitation is 22 cm with the majority of the precipitation falling from November to February and annual average temperatures ranging from 5 to 18 ∘ C with temperatures frequently reaching 32 ∘ C in the summer (30 year average, US Climate Data 2017).
Site Selection
In 2006 The Nature Conservancy (TNC) initiated grassland restoration at the Preserve. One large grassland area (23-42 ha) was restored each year from 2006 to 2012 except for 2007. Each of the six areas was treated with glyphosate then seeded in the fall or winter with native bunchgrasses including P. spicata, P. secunda, and E. elymoides using a range drill. All grass seed used in the restoration was initially harvested from the preserve then cultivated over several years in small plots off-site to increase the amount of available seed. Seeds were then harvested from the offspring within the small plots and used for restoration. Projects were not irrigated. We established 18 sites across the Preserve from three treatments of interest: 1 site in each of the 6 restoration areas, 6 sites in native grassland, and 6 sites in degraded grassland. Each restoration site was located approximately in the center of the restoration area. We chose all other sites by locating native and degraded habitat that were accessible by old farm roads and were on relatively flat slopes. All sites were separated on average by 623 m.
Spider Sampling
At each site, eight pitfall traps were placed in a 10 m radius circle (Fig. 2) . Pitfall traps, 470 mL plastic cups filled halfway with wildlife-friendly propylene glycol and placed flush with the soil, are well-suited for collecting ground-active spiders (Martin 1978) . Propylene glycol was used instead of water or ethanol mixtures to reduce the amount of evaporation. Spiders were collected at all sites three times each year from 2014 to 2016 during June-July, July-August, and August-September by opening traps for 1 week during each time period to collect invertebrates (Table 1) . After 1 week, traps from each site were collected, combined, and transported to the laboratory. Samples were then washed over a 250 mm sieve and spiders sorted from other invertebrates and debris and preserved in 70% ethanol. All juvenile spiders were identified to family and all mature spiders were identified to species, if possible.
Habitat Survey
To determine which habitat characteristics were related to spider abundance, richness, and species composition, each site was surveyed for environmental variables once in 2014 and three times each year after, coinciding with spider sampling (Table 1) . Vegetative variables were estimated to the nearest 5% cover in 16 63 × 63-cm subplots located in a 50 × 50-m square around the pitfall traps (Fig. 2) . Variables estimated included the percent cover of invasive annual grasses (cheatgrass (B. tectorum) and medusahead (T. caput-medusae)), biological soil crusts (easily visible and distinct from the sandy soil texture), litter, and forbs. We also estimated maximum vegetation height by measuring the tallest stem in each subplot.
Analyses-Comparing Native, Restored, and Degraded Sites
Spider abundance at each site was characterized by the average number of spiders per pitfall as not all pitfalls were present during collection due to weather or animal tampering. Abundance data were averaged over the 9 sampling bouts from 2014 to 2016. To compare taxa richness among samples that varied in abundance, rarified species richness estimates were generated for each site by calculating the Chao1 richness estimator using EstimateS, Version 9.1.0 Storrs, CT, U.S.A. (Colwell et al. 2012; Colwell 2013) . The Shannon-Weiner index was used to estimate spider diversity of each site. Habitat variables for each site were calculated by first averaging subplots by site and then averaging over 7 sampling bouts (1 in 2014, 3 in both 2015 and 2016). We used one-way analysis of variance (ANOVA) to compare average spider abundance, rarified richness, Shannon-Weiner diversity, and habitat variables among Nonmetric multidimensional scaling (NMS) with Sorensen distances was used to ordinate sites in the spider family space matrix and the environmental matrix. NMS does not assume linearity between family response and environmental gradients and exposes relationships between the family matrix and the environmental matrix (McCune & Grace 2002) . NMS was performed with 250 random starts and ties were not penalized. A randomization procedure was included to test if solutions were stronger than those obtained by chance, resulting in p-values. R 2 values were calculated to represent the percent variance explained by each axis, and relationships of each axis with spider families and habitat variables were quantified with Pearson correlation coefficients.
Multiresponse Permutation Procedures (MRPP) were used with Sorensen distances to test for differences in family composition across sites among groups, where each group was a treatment (restored, native, degraded). Pairwise comparisons resulted in A-statistics, the chance-corrected within-group agreement, and p-values.
Analyses-Examining Age of Restoration on Response
To examine relationships between age of restoration and average spider abundance, rarified richness, and habitat variables we conducted linear regressions with the expectation that we would see a positive or negative trend (depending on the variable) from sites with the most time to the least time to recover. To analyze abundance, richness, and habitat variable relationships with time, we used the average value across all 3 years for the regressions (N = 6).
To examine how the age of restoration affects spider community composition, we conducted a separate NMS ordination of the six restoration sites (six sites each year, for 18 total ordination points). If spider communities are influenced strongly by grassland restoration through time, we would expect to see patterns relative to the age of restoration that would be evident in the ordination, even given year-to-year variability. Ordination was conducted as described above, except only the five most abundant spider families were used (Gnaphosidae, Salticidae, Lycosidae, Theridiidae, Thomisidae) in the analysis as not all families were collected in the restored sites. We also examined one additional environmental variable (years since restoration).
Results
We collected 2,752 spiders from 2014 to 2016 consisting of 10 families and 36 identified species. Of these, 2,253 were immature 358 were mature, and 141 were unknown (due to body damage). (Table S1 , Supporting Information). Of mature spiders collected, 55% were females in 2014, 52% were females in 2015, and 49% were females in 2016.
Comparing Native, Restored, and Degraded Sites
Average spider abundance significantly differed among treatments (F [2, 15] = 10.2, p < 0.01), with degraded and restored sites having more spiders than native sites (Fig. 3A) . Average rarefied richness also differed significantly among treatments (F [2, 15] = 3.8, p = 0.05) with degraded sites having fewer species than both native and restored sites (Fig. 3B) . Unlike abundance and rarefied richness, average Shannon-Weiner diversity did not differ between treatments (F [2, 15] 
Several habitat variables differed significantly among degraded, native, and restored sites (Fig. 4) . Restored and degraded sites had more invasive annual grass cover than native sites (F [2, 15] = 15.7, p < 0.001) (Fig. 4) . Litter cover and biological soil crust cover showed similar trends (F [2, 15] = 32.2, p < 0.0001 and F [2, 15] = 44.1, p < 0.0001, respectively), with no difference between restored and degraded sites but significantly Figure 4 . Average percent cover of invasive annual grasses, litter, biological soil crusts (BSC), and forbs and average maximum vegetation height in centimeters compared by treatment (n = 6 degraded, n = 6 native, n = 6 restored). Different letters denote averages that differ significantly according to a post hoc Fisher LSD test. Error bars are ± SE.
higher biological soil crust cover and lower litter cover in native sites (Fig. 4) . There was no significant difference in average percent forb cover and maximum vegetative height among treatments (F [2, 15] = 0.4, p = 0.70 and F [2, 15] = 3.2, p = 0.07, respectively; Fig. 4) .
Community composition of spiders differed among sites (Fig. 5) ; the NMS randomization procedure resulted in a stable three-dimensional solution (final stress = 9.87, final instability = 0, p = 0.02) with a cumulative R 2 of 0.94. Axis 1 accounted for 64% of the variation in spider family space, axis 2 accounted for 18%, and axis 3 accounted for 12%. Separation among treatment types occurred primarily on axis 1, with restored and degraded sites almost completely overlapping on the left side of the ordination (Fig. 5A & 5B), while native sites only slightly overlapped with the degraded and restored sites on the right side of the ordination. Pearson correlations between the three axes and spider taxa and environmental variables are listed in Table S2 . Lycosidae, Theridiidae, and Thomisidae were negatively correlated with axis 1 and, thus, were more common in degraded and restored sites and less common in native sites. MRPP showed that community composition differed significantly among treatments (A = 0.09, p < 0.0001). Pairwise comparisons suggested that communities in native sites were different from both degraded and restored sites (A = 0.09, p = 0.0001 and A = 0.12, p < 0.0001, respectively); however, degraded and restored communities did not differ (A = −0.006, p = 0.66).
Several environmental variables strongly correlated with axis 1 including invasive annual grasses, litter, and biological soil crust cover (Table S2 ; Fig. 5A & 5B), indicating that axis 1 represents an environmental gradient varying from sites with higher cover of invasive grass and litter to sites dominated by biological soil crust cover. Forbs had a strong negative correlation with axis 2 and a strong positive correlation with axis 3. Axis 3 was also positively correlated with invasive annual grass and litter cover and slightly negatively correlated with biological soil crust cover (Table S2 ).
The Effect of Age of Restoration on Response
Average spider abundance tended to decrease with time since restoration (R 2 = 0.26, p = 0.07) (Fig. 6A ) and rarified richness tended to increase, but with greater variation (R 2 = 0.15, p = 0.44) (Fig. 6B) . Of all habitat variables, only average percent forb cover showed a significant positive correlation with time since restoration (R 2 = 0.41, p = 0.03). Average percent invasive annual grass and litter cover, and maximum vegetation height tended to decrease with time since restoration while biological soil crust cover tended to increase, although trends were not statistically significant (R 2 = 0.02, p = 0.54; R 2 = 0.13, p = 0.14; R 2 = 0.11, p = 0.17, R 2 = 0.13, p = 0.14, respectively).
The NMS randomization procedure resulted in a stable two-dimensional solution (final stress = 10.7, final instability = 0.00, p = 0.05) with a cumulative R 2 of 0.91. Axis 1 was significantly positively correlated with Salticidae and negatively correlated with Theridiidae and axis 2 was significantly positively correlated with Lycosidae and Thomisidae but negatively correlated with Theridiidae (Table S3 ). Correlations between axis 1 and habitat variables showed a positive significant correlation with time since restoration and no variable showed a significant correlation with axis 2 (Table S3) . Thus, the oldest restored sites had more salticid spiders and fewer theridiid spiders.
Discussion
Results of this study suggest that restoration of arid grasslands in the western United States can be effective in influencing ecologically significant invertebrate groups, such as spiders, so that communities more closely resemble those associated with relatively intact habitat. We found that spider communities associated with native sites, while less abundant, had a greater species richness and a different community composition compared to degraded sites. Restored sites displayed characteristics that were intermediate between native and degraded sites, with a high abundance of spiders and community composition similar to degraded sites, but with higher species richness characteristic of native sites. Some studies of spider responses to restoration in different systems have found similar results, detecting differences in spider communities in restored versus undisturbed habitat (e.g., Longcore 2003; Perner & Malt 2003; Déri et al. 2011; Borchard et al. 2014) . However, unlike our study, Déri et al. (2011) found that species richness did not differ between degraded, restored, and native grassland habitat in Hungary.
We also found evidence suggesting that, with time, spider communities in restored sites are becoming more like those in native sites. The chronosequence analysis showed a decreasing trend in spider abundance but a weaker trend in species richness with restoration age; small sample sizes may contribute to this weaker trend. Species richness in the oldest sites was similar to reference state levels, although spider abundance at those sites was still higher than reference sites. Spider community composition also varied relative to age, with older sites having more jumping spiders (Salticidae) and fewer cobweb spiders (Theridiidae). While 10 years for recovery may seem slow, other researchers have found similar results in dry grasslands, with plant and invertebrate communities taking more than a decade to reach reference states (Brand & Dunn 1998; Purtauf et al. 2004; Stadler et al. 2007 ). Spiders may respond more quickly in other habitat types; Cristofoli et al. (2010) and Borchard et al. (2014) found changes in spider communities within 5 years of restoration in European heathlands, and Déri et al. (2011) found changes in 2-5 years in European grasslands, although restorations were in early successional stages.
Our study suggests that several habitat variables can be significant drivers of spider community responses to restoration in arid grasslands. One of the most important factors appears to be the presence of invasive annual grasses, like cheatgrass and medusahead. These pervasive grasses appear to play a key role in structuring spider communities through their substantive influence on the amount of ground litter. High spider abundance in degraded and restored sites may be due to greater litter cover, which benefits certain groups of spiders. Some ground dwelling spiders rely on litter for hunting and studies have shown these groups increase with greater litter depth and complexity (Uetz 1979; Bell et al. 2001; Smith et al. in review) . Spider families that were abundant in degraded and restored sites were ground hunters such as wolf spiders (Lycosidae) and crab spiders (Thomisidae) which have been found to prefer higher litter cover while hunting (Rypstra et al. 1999; Bell et al. 2001) .
While non-native annual grasses appear to be a major driver in this system, primarily through their effect on litter production, other factors, such as biological soil crusts, may also be adding to the complexity of restoring spider communities in these systems. Native sites had much higher cover of biological soil crusts than degraded or restored sites. A positive trend between biological soil crust cover and time since restoration indicates that crusts may reestablish over time but have not fully recovered within the decade. This is expected as biological soil crusts are predicted to reestablish anywhere from 14 to 250 years after a disturbance, with 14 to 35 years for cyanobacteria, 45 to 85 years for lichens, and 20 to 250 years for mosses (Belnap & Eldridge 2000) . Well-developed biological soil crusts may inhibit the colonization of exotic annual grasses (Kaltenecker 1997) , subsequently creating an area that lacks dense grass and litter cover. With less annual grass cover and established biological soil crusts within the interspace between bunchgrasses, the native sites are not only more resistant to grass invasions, but may be able to support a more diverse spider community that includes web spinners in addition to ground hunters (Bell et al. 2001; Reisner et al. 2013; Condon & Pyke 2018) . For example, native sites tended to have more web spinner families such as sheet weavers (Linyphiidae) and cellar spiders (Pholcidae), both of which require larger webs to collect prey (Malumbres-Olarte et al. 2013) . A higher proportion of ground spiders (Gnaphosidae), jumping spiders (Salticidae), and philodromid crab spiders (Philodromidae) (only found in native sites) were also found within the native habitat indicating that these families may also benefit from less litter cover during hunting. While the majority of families were found within each of our treatments, Theridiidae was very abundant in all three habitats, suggesting these spiders are generalists that can hunt successfully in multiple habitats.
While cover of non-native grass, litter, and biological soil crusts differed among treatments, we found no similar differences relative to percent cover of forbs or vegetation height. This is most likely due to the low percent of forbs across these grasslands, their patchy distribution, and the dominance of tall bunchgrasses in all habitats; however, we did see an increase in forb cover in restoration sites with time indicating that, with time, forbs are reestablishing. However, given their rarity, recovery of forbs and any effects they may have on spiders (e.g., flower hunters) may be slow. Similar to our study, Longcore (2003) found that vegetation between newly restored versus disturbed and mature restored versus undisturbed did not differ in coastal sage scrub in California.
Restoration focused on enhancing invertebrate-mediated ecosystem services can present several challenges when restoring grassland habitat, as restoration does not always result in increasing ecosystem services and biodiversity (Bullock et al. 2011) . For example, we found higher spider abundance in degraded sites compared to the native reference sites, but lower richness. This is most likely due to differences in litter and vegetative structure that favored one group of spiders. The majority of degraded sites were homogenous due to high invasion of invasive annual grasses that provide high-quality habitat for ground-active spiders that hunt in litter. However, degraded habitat may not provide the complex vegetative structure found in native sites that provide additional open ground and diverse vegetation (shrubs, grasses, and forbs) that lead to higher species richness. Given the increased abundance of spiders in degraded areas, if the sole objective of grassland management was to enhance pest control by generalist predators such as spiders, then restoration of degraded grassland habitats in this system may be unnecessary. However, this course of action would also result in a loss of biodiversity, not only in spiders, but also in native vegetation, and potentially diversity of other species and the services they provide. Our work suggests that there are trade-offs involved in restoring grassland services related to spider communities and the larger community, and these trade-offs must be considered in restoration aimed at enhancing multiple services, including biodiversity. Our study also illustrates the importance of examining multiple high-quality reference sites such as the intact native grassland used in our study and deemed necessary by SER (2004) and Ruiz-Jaen and Aide (2005) who recommended the use of more than one reference site. The a priori assumption is often that native conditions will have greater abundance and diversity; this was not the case in our system, in which intact grasslands had lower spider abundance albeit greater species richness.
Deconstructing the impact arid grassland restoration has on spider communities highlights how complex community responses can be to changes in the environment. By comparing degraded, native, and restored sites, we examine how spider communities and habitat respond to arid grassland restoration, a community response that has not been well documented. As much of the western United States moves to restore grasslands on both small and large scales, spiders are an important group to monitor in addition to the vegetation, to evaluate the success of restoration, not only because of their sensitivity to small changes but also because of the significant role they play in the biodiversity and ecological functioning of the ecosystem. Wheater CP, Cullen WR, Bell JR (2000) 
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